Summary
Introduction
Hepatic stellate cells (HSCs) play a central role in the initiation and modulation of hepatic fibrogenesis. Following liver injury, HSCs differentiate to a myofibroblast phenotype and acquire a range of proliferative and proinflammatory functions which result in deposition of excess fibrogenic extracellular matrix proteins [1] [2] [3] . Elucidation of the mechanisms by which HSCs become activated is essential for an understanding of the pathogenesis of chronic liver disease. Hepatitis C virus (HCV) is a major cause of chronic liver disease. Up to 200 million people worldwide are estimated to be infected with the virus and at least 30% develop liver fibrosis, with the consequent life-threatening complications of end-stage liver disease and hepatocellular carcinoma [4] . We have previously shown a highly significant correlation between the severity of liver fibrosis in a cohort of HCV-infected patients and the activity of mannan binding lectin (MBL)-associated serine protease (MASP)-1, a central component of the complement lectin activation pathway [5] .
Three types of MASPs have been identified, designated MASP-1, MASP-2 and MASP-3. MASPs circulate in association with pattern recognition molecules MBL and ficolins L, H and M. The lectin pathway of complement activation is initiated by binding of MBL or ficolins to their targets, followed by activation of the associated proteases [6] . It is established that MASP-2 can autoactivate and cleave complement components C2 and C4, leading to the generation of C3 convertase [7] , but the role of MASP-1 has been unclear. Recent evidence, however, has established an essential role for MASP-1 in the initiation of the complement lectin pathway. The use of monospecific inhibitors has confirmed that both MASP-1 and MASP-2 are necessary for lectin pathway activation under physiological conditions [8] [9] [10] . Further, MASP-1 is both absolutely required for autoactivation of MASP-2 and cleaves 60% of C2 required to generate C3 convertase [8] . Consonant with these findings, autoactivation of MASP-1 has been found to be highly efficient, and is crucial for activation of complexes with MBL/ficolin [11] . There is therefore compelling evidence that MASP-1 has a regulatory role in the complement lectin activation pathway. We also note that MASP-1 is related structurally and functionally to thrombin [12, 13] , and several lines of evidence suggest that thrombin has an important role in the generation of fibrosis in chronic liver disease [14, 15] . Against this background, we set out to test the hypothesis that MASP-1 directly activates HSC, and may therefore promote liver fibrosis in HCV infection. In order to do so, we have developed a model in which HSCs are maintained in the deactivated state on basement membrane substrate prior to stimulation [16] .
Materials and methods

Isolation and culture of human HSCs
For the isolation of HSCs, liver resections were perfused ex-vivo with Hanks's HEPES buffer containing ethylene glycol tetraacetic acid (EGTA) (Gibco-BRL, Life Technologies, Paisley, UK), followed by perfusion with Hanks's HEPES buffer without EGTA. Tissue was then digested for 20 min with Hanks's HEPES buffer containing calcium, collagenase (0·13 U/ml NB4G grade collagenase; Serva Electrophoresis GmbH, Heidelberg, Germany) and trypsin inhibitor (Sigma, Poole, UK). Digested tissue was minced and agitated gently in Hanks's HEPES buffer without EGTA and filtered through 250 μm and 100 μm nylon membranes. The cell suspension was spun down at 700 rpm for 2 min and washed in Williams' medium E (Gibco-BRL) containing 10% heat-inactivated fetal calf serum (FCS) (Sigma) and 2 mM L-glutamine (Sigma). Supernatants from centrifugal spins of the hepatocyte isolation process were pooled and retained for HSC isolation: supernatants were centrifuged three times at 50 g for 5 min until no pellet was formed, then centrifuged at 4000 g for 20 min to form a pellet containing HSC. The supernatant was discarded and the pellet resuspended in 20 ml of Dulbecco's modified Eagles medium (DMEM) (Gibco-BRL) containing 10% FCS and seeded in a 75 cm 2 tissue culture flask. Medium was changed 24 h after seeding and every 48 h thereafter. HSC became confluent after 7-10 days. Confluent HSC were detached by trypsinization and seeded at a density of 3 × 10 5 cells per well on six-well plates. Liver tissue was obtained from patients undergoing partial liver resection for metastatic cancer and was obtained following written informed consent and with full ethical approval.
Activated HSCs were then either left untreated or cultured in basement membrane substrate as Matrigel TM (Becton Dickinson Labware, Bedford, MA, USA) using the thin gel method (50 μl/cm 2 of growth surface area), according to the manufacturer's instructions. Morphological observation was performed using a phase contrast inverted Leica microscope and images captured on a QICAM digital camera.
Activation of MASP-1 with enterokinase
MASP-1 protein was obtained as a zymogen with an enterokinase cleavage site replacing the natural cleavage sequence. The protein was produced with an N-terminal His-tag in Chinese hamster ovary (CHO) cells and purified by affinity chromatography on Ni-Sepharose followed by gel filtration on a Superdex 200 Column (GE Healthcare Life Sciences, Chalfont, UK) [17] . Following optimization of the cleavage reaction, MASP-1 was released by incubation with enterokinase (New England Biolabs, Hitchin, UK) at concentration of 0·02% at 37°C for 1 h. In order to standardize the quantity of MASP-1 used in subsequent experiments, the activities of both MASP-1 and thrombin were assayed by comparing the cleavage of VPR-AMC (Boc-ValPro-Arg-aminomethylcoumarin), a fluorescent substrate common to both proteases (Bachem, St Helens, UK). The activity of each batch of MASP-1 was highly consistent (data not shown).
Treatment of quiescent HSC with MASP-1, thrombin and TGF-β
After 24 h on Matrigel TM , quiescent HSCs were treated with purified MASP-1 at a concentration of 2·5-3·5 μg/ml. Experimental controls were as follows: (i) HSC exposed to 5 ng/ml of recombinant transforming growth factor (TGF)-β (R&D Systems, Abingdon, UK); (ii) HSC treated with thrombin (Sigma, UK) at 30 mU/ml; (iii) 3·5 μg/ml MASP-1 which had not been cleaved with enterokinase; and (iv) cells cultured on Matrigel TM with the addition of enterokinase alone to a final concentration of 0·02%. All experiments were performed in at least three biological replicates.
RNA extraction and cDNA production
Total RNA was isolated using the RNeasy Mini Kit (Qiagen Ltd, Manchester, UK), according to the manufacturer's protocol, in a final volume of 50 μl and measured using the Nanodrop ND-1000 UV-Vis spectrophotometer. Consecutive samples were obtained from the following time-points: (i) freshly isolated HSCs; (ii) activated HSCs following 7 days' growth on tissue culture plastic; (iii) HSCs fully deac- tivated following 48 h culture on basement membrane substrate; and (iv) deactivated HSC subsequently stimulated by MASP-1 and controls for 24 h. In order to ensure comparability of results, only 50% of cells at each time-point were harvested for RNA extraction and the remaining cells allowed to progress through the protocol. HSCs cultured on tissue culture plastic were released by trypsinization prior to processing for RNA extraction. HSCs cultured in Matrigel TM substrate were recovered using dispase (Becton Dickinson Biosciences, Bedford, MA, USA), according to the manufacturer's instructions. A two-step cDNA synthesis was then performed. An initial oligo : template annealing mix was made up using 1 μg RNA template, 200 ng oligo (dT) and ×1 concentration reverse transcription (RT) buffer in a final volume of 10 μl, heated to 70°C for 5 min and snap-chilled on ice. Synthesis of cDNA was then performed via addition of 200 U Moloney murine leukaemia virus reverse transcriptase (MMLV) reverse transcriptase (Promega, Madison, WI, USA) and 1·2 mM deoxyribonucleoside triphosphates (dNTPs) and made up to a final volume of 25 μl with diethylpyrocarbonate (DEPC)-treated water. Reactions were incubated at 42°C for 1 h and stored at 4°C.
Reverse transcription polymerase chain reaction (RT-qPCR)
In order to interrogate HSC activation status further, primers were designed to amplify sequences from genes encoding alpha smooth muscle actin (α-SMA) and tissue inhibitor of metalloproteinase-1 (TIMP-1) using the Primer 3 program (http://frodo.wi.mit.edu/primer3) and Molecular Biology Work Bench version 3·2 (http://workbench .sdsc.edu). Primers were also designed to detect MASP-1 and MBL in HCV-infected cell lines. The sequences of all primers and probes are shown in Table 1 . Primer sets were validated in standard PCR using a dilution series of recombinant plasmids containing amplicons as template. For quantitative PCR, standard curves were prepared for logarithmic serial dilution of recombinant plasmids containing cloned genes with a copy range of 10 7 -10 −1 with hypoxanthine-guanine phosphoribosyltransferase (HPRT) for normalization. Quantitative PCR was performed using BRILLIANT® SYBR® Green Master Mix (Stratagene, La Jolla, CA, USA). Twenty-five-μl reactions were made up of 12·5 μl SYBR® Green Master Mix, 5 pmol forward and reverse primer; 0·375 μl of 1:500 reference dye, before making up to 24 μl with nuclease-free water and addition of 1 μl of cDNA template and cycled on a Stratagene MX4000 real-time PCR machine using an initial denaturation step of 95°C for 15 min, followed by 50 cycles of 94°C for 30 s, 55°C for 30 s and extension at 72°C for 1 min. MASP-1 and MBL-2 gene expression levels were quantified using a standard curve based on consecutive 1:2 dilution and PCR conditions were as follows: denaturation at 95°C for 10 min followed by 40 cycles of 30 s denaturation at 95°C; 1 min annealing at 55°C and 30 s extension at 72°C, after which product melting temperature was determined in 30 s segments at 1°C intervals between 55 and 95°C. Results were analysed by Maxpro software (Stratagene). All experiments were performed at least in triplicate.
HCV infections
In order to test the hypothesis that the expression of MASP-1 is up-regulated by HCV infection, we established in-vitro replication of infectious molecular clones JFH-1 and replication defective mutant JFH-1 GND [18, 19] in Huh 7 and Huh 7·5 hepatocyte cell lines. HCV replication was assessed by monoclonal antibody (mAb) 9E10 anti-NS5A staining and infectious virus production measured using the TCID50 protocol.
Statistics
All statistical values shown were calculated using one-way analysis of variance (anova) with Bonferroni's multiple comparison test.
Results
Cell culture and reversal of the activated HSC phenotype in Matrigel TM
HSCs grown on tissue plastic became fully confluent and required passaging after 7-10 days. Passaged cells recultured on plastic surfaces maintained a typical myofibroblast phenotype as expected. In contrast, HSCs recultured on basement membrane substrate showed a rapid reversion to the quiescent state (Fig. 1) . In order to confirm phenotypic evidence of activation and reversion to quiescence, we tested molecular markers of HSC activation. α-SMA and TIMP-1 were detectable in quiescent cells but showed an unequivo- cal increase in expression in activated HSCs, and were therefore informative of HSC activation. In addition to up-regulation following activation on tissue culture plastic, α-SMA and TIMP-1 were both down-regulated subsequently 24 h after exposure of HSCs to basement membrane substrate (Fig. 2) .
Activation of HSCs by MASP-1
In order to assess the capacity of MASP-1 to activate HSC from the quiescent state, HSC which had been recultured on Matrigel TM were exposed to MASP-1 and appropriate controls. HSCs stimulated with positive controls thrombin (30 mU/ml) and recombinant TGF-β (5 ng/ml) showed clear evidence of activation after 24 h. HSCs stimulated with MASP-1 also showed unequivocal evidence of differentiation to the activated phenotype, as assessed by typical changes in morphology (Fig. 3) . In contrast, HSCs that had either been exposed to control MASP-1 which had not been cleaved with enterokinase, or cultured in the presence of enterokinase alone, showed no evidence of activation (Fig. 3) . Consistent with phenotypic evidence, HSCs stimulated with MASP-1 and positive controls up-regulated α-SMA and TIMP-1 expression significantly as assessed by RT-quantitative (q)PCR, whereas cells which had been exposed to uncleaved MASP-1 as a control showed no up-regulation of these activation markers (Fig. 4) . For α-SMA, levels of expression in cells stimulated by MASP-1 increased more than 10-fold at 24 h in comparison to both control HSCs cultured on Matrigel TM alone for the same ). Human HSCs: in the quiescent state immediately following retrieval and plating on non-treated tissue culture plastic (a) and following 24 h of culture on the same surface (b). Cells fully activated by culture on tissue culture plastic for a further 7 days (c), followed by splitting and either reculture on Matrigel TM for 48 h with full loss of activated phenotype and reversion to an appearance characteristic of the quiescent state (d). Images were visualized using a phase contrast Leica microscope. Magnification was selected to best illustrate the key features: (a,d) ×100 magnification and (b,c) ×200 magnification. time-period (P < 0·001) and HSCs which had been exposed MASP-1 zymogen which had not been cleaved with enterokinase (P < 0·001). For TIMP-1, increases at 24 h were also significant (P < 0·001 for comparisons with quiescent cells and P < 0·001 for comparisons with cells cultured for 24 h in the presence of uncleaved zymogen).
Expression of MBL and MASP-1 in HCV infected cells
Anti-NS5A staining confirmed high levels of JFH-1 replication in Huh 7·5 cells. Expression of MASP-1 and MBL was assessed by RT-qPCR at 24 and 72 h following transfection of infectious clone JFH-1, replication defective mutant JFH-1 GND and in mock-transfected control cultures. MASP-1 was not up-regulated at 24 h but became up-regulated significantly in productively infected Huh 7·5 cells in comparison to controls at 72 h (P = 0·0015) (Fig. 5) , corresponding to the onset of peak viral replication in our system. We did not find evidence of up-regulation of MBL-2 in our system (data not shown).
Discussion
This study has, for the first time, provided unequivocal evidence that MASP-1 can induce differentiation of human HSCs to the activated state under experimental conditions. Furthermore, these effects occur at a concentration equivalent to that found in vivo [20] . These observations suggest a new role for MASP-1 and provide a possible mechanistic link between the high levels of MASP-1 activity and fibrosis in HCV infection which we have demonstrated previously.
Two lines of evidence are consistent with our finding of a direct role for MASP-1 in HSC activation. First, MASP-1 has a broad structural relationship with thrombin and can also promote the formation of a fibrin clot [12, 13] , suggesting functional relatedness. Thrombin exerts multiple actions on HSCs, including stimulation of proliferation, calcium influx and contractility, and induces secretion of key mediators of the process of activation [21, 22] . Secondly, MASP-1 has been shown recently to activate human vascular endothelial cells (HUVECs) in a manner dependent upon calcium signalling, nuclear factor (NF)-kB and p38 mitogen-activated protein kinase (MAPK) pathways [23] . MASP-1 appears to exert its actions on HUVEC in a protease-activated receptor 4 (PAR4)-dependent manner [23] , and we note that the PAR family is expressed at the protein level on quiescent stellate cells (K.B. and B.J.T., unpublished observations).
There is good evidence that MBL and ficolin deficiency predisposes to opportunistic infections in both adults and children [24] [25] [26] , and accumulating evidence that innate immunity is central to the host response to HCV infection [27] [28] [29] . HCV surface glycoproteins E1 and E2 possess up to 15 glycosylation sites which present mannose targets to MBL [30] . Two recent studies have found evidence of functional interaction between MBL/ficolins and surface determinants of HCV. L-ficolin has been shown to recognize and bind HCV envelope glycoproteins E1 and E2, with consequent lectin complement pathway-mediated cytolytic activity against HCV-infected hepatocytes [31] . A second study has found unequivocal evidence that MBL binds to HCV E1 and E2 glycoproteins [32] . Further, recognition of E1/E2 by MBL-activated complement in a MASP-dependent manner [32] . These studies suggest that HCV glycoproteins are naturally recognized by MBL/ficolins, and this pattern recognition event may be important in the innate immune response to HCV infection. In this context, our observations that levels of MASP-1 are elevated in severe HCV disease [5] , and that MASP-1 may be profibrogenic, are important and suggest the novel notion that the balance between host defence and inflammatory response central to innate immune responses may act to amplify HCV-related disease in certain individuals by a direct action of elevated levels of MASP-1 on HSCs. The role of MASP-1 in HCV pathogenesis may be amplified further by increased expression of MASP-1 in hepatocytes. These findings, obtained by quantitative PCR, confirm a recent expression profile analysis that found increased expression of MASP-1 in hepatocyte cell lines infected by JFH-1 [33] . There are two broad caveats associated with our observations. First, we have demonstrated MASP-1 activation of HSCs that have been isolated recently from a complex cellular architecture in human liver, and studied in isolation in a two-dimensional experimental system. Secondly, we have studied the effect of purified MASP-1, whereas its physiological role is a function of complexes between proteases and pattern recognitions molecules [6] . Our study was, Taken together, the clinical and experimental evidence supports the notion that MASP-1 could be a driver of disease progression in HCV infection, and that innate immune responses may promote progression of HCVrelated disease in certain individuals. In this context, it is interesting to note that the structure of the substrate binding groove in MASP-1 has been resolved [36] and that recent work suggests the possibility of monospecific inhibition of MASP-1 activity which may, in due course, have therapeutic potential [8, 9] 
